The hydrophilic bile salt ursodeoxycholic acid (UDCA) is a potent inhibitor of apoptosis. In this paper, we further characterize the mechanism by which UDCA inhibits apoptosis induced by deoxycholic acid, okadaic acid and transforming growth factor b1 in primary rat hepatocytes. Our data indicate that coincubation of cells with UDCA and each of the apoptosis-inducing agents was associated with an approximately 80% inhibition of nuclear fragmentation (P50.001). Moreover, UDCA prevented mitochondrial release of cytochrome c into the cytoplasm by 70 ± 75% (P50.001), thereby, inhibiting subsequent activation of DEVD-specific caspases and cleavage of poly(ADP-ribose) polymerase. Each of the apoptosis-inducing agents decreased mitochondrial transmembrane potential and increased mitochondrial-associated Bax protein levels. Coincubation with UDCA was associated with significant inhibition of these mitochondrial membrane alterations. The results suggest that the mechanism by which UDCA inhibits apoptosis involves an interplay of events in which both depolarization and channel-forming activity of the mitochondrial membrane are inhibited.
Introduction
Oral administration of ursodeoxycholic acid (UDCA) has been shown to substantially improve clinical and biochemical indices in a wide variety of liver diseases. 1 ± 5 Despite its clinical efficacy, the precise mechanism by which UDCA improves liver function during cholestasis is not entirely understood. 6 It is generally accepted that hydrophobic bile acids play a key role in liver injury during cholestasis and can induce hepatocyte apoptosis both in vitro 7 ± 9 and in vivo. 10 It has been proposed that the observed cytoprotective effect of UDCA results from mechanisms beyond simply displacing toxic bile acids from the liver. For example, UDCA significantly inhibited the mitochondrial permeability transition (MPT) induced by hydrophobic bile acids in isolated mitochondria. 11 Interestingly, liver mitochondria from bile duct-ligated rats demonstrated resistance to bile acid-induced MPT, suggesting an adaptive phenomenon to the toxicity of cholestasis. 12 Finally, we have recently shown that UDCA plays a unique role in modulating the apoptotic threshold in both hepatic and nonhepatic cells. The effect was observed for a variety of agents acting through different apoptotic pathways involving mitochondrial membrane perturbation. 10, 13 It is widely recognized that alterations in mitochondrial function, and particularly the MPT, play a key role during apoptosis in many cell types. In fact, the loss of mitochondrial transmembrane potential (Dc m ), release of caspase activators and participation of pro-and antiapoptotic Bcl-2 family proteins appear to be critical events during apoptosis. The central role of mitochondria in apoptosis was initially suggested in cell-free systems using Xenopus egg extracts in which nuclear condensation and DNA fragmentation were dependent on the presence of mitochondria. 14 In subsequent studies, untreated HeLa cell extracts induced the activation of caspase-3 and DNA fragmentation after addition of deoxyadenosine triphosphate and cytochrome c, which was identified as the mitochondrial factor. 15 In whole cells, cytochrome c redistributes from the mitochondria to the cytosol during apoptosis and this process can be inhibited by the antiapoptotic proteins Bcl-2 or Bcl-X L . 16 ± 18 Depending on the cell type, cytochrome c release can result in cell death by either an apoptotic pathway involving Apaf-1-mediated caspase activation or necrosis associated with collapse of electron transport. In fact, inhibition of cytochrome c activity with blocking antibodies has been shown to inhibit apoptosis.
The molecular mechanisms for release of caspaseactivating proteins from mitochondria into the cytosol are beginning to unfold. It has been proposed that opening of the MPT pore leads to a collapse of the mitochondrial inner transmembrane potential, expansion of the matrix space, and subsequent rupture of the outer membrane. 20 ± 25 Inhibition of MPT pore opening prevents cell death in some systems, supporting a central role for MPT in apoptosis. 26 Furthermore, while Bcl-2 blocks cell death and disruption of Dc m , 21 ,25 ± 29 the pro-apoptotic family member Bax induces both apoptosis and MPT. 30, 31 In fact, Bax interacts directly with MPT pores in isolated mitochondria to induce the permeability transition and cytochrome c release. 32 Bax also interacts with the constitutive mitochondrial inner membrane protein, adenine nucleotide translocator, thus increasing membrane permeability and inducing cell death. 33 Interestingly, other studies indicate that cytochrome c release and caspase activation can occur prior to, and independently of, any detectable mitochondrial membrane depolarization, implying that opening of the MPT pores is a downstream event to caspase activation. 34, 35 Moreover, caspases themselves can induce MPT pore opening, which in turn activates additional caspases, thereby creating self-amplifying feedback loops. 36, 37 A number of recent observations suggest a growing complexity in the molecular regulation of apoptosis. For example, the efflux of cytochrome c from mitochondria may also occur through a mechanism independent of MPT pore opening. In support of this, disruption of the outer membrane occurs only in a subpopulation of mitochondria, despite the release of cytochrome c from a larger pool of mitochondria. In addition, it has been shown that Bax overexpression triggers the release of cytochrome c in different cell types independently of MPT. 38, 39 Finally, Bcl-2, a potent anti-apoptotic protein, has been shown to prevent programmed cell death via a caspase-independent mechanism. 40 This study was done to examine the mechanism of UDCA in regulating mitochondrial membrane perturbation during apoptosis induced by deoxycholic acid (DCA), okadaic acid and transforming growth factor b1 (TGF-b1) in isolated rat hepatocytes. Our results demonstrate that each of these agents can trigger mitochondria to release cytochrome c, which in turn induces cytosolic caspase-3 activation, and cleavage of the nuclear enzyme poly(ADPribose) polymerase (PARP). These apoptotic events are significantly inhibited by UDCA, which partially prevents depolarization of the mitochondrial membrane as well as translocation of Bax from the cytosol to the mitochondria. Thus, UDCA inhibits apoptosis induced by a variety of unrelated agents by both preventing disruption of mitochondrial membranes and altering their channelforming activity.
Results
UDCA inhibits apoptosis induced by DCA, okadaic acid, and TGF-b1 in primary rat hepatocytes Significant levels of apoptosis occurred in cultured primary rat hepatocytes after incubation with DCA, okadaic acid or TGF-b1. Apoptosis was assessed by changes in nuclear morphology with Hoechst staining and was characterized by condensation of chromatin and nuclear fragmentation with formation of apoptotic bodies. Incubation of cells with 50 mM DCA resulted in a significant increase in the number of apoptotic cells which continued to increase through 6 h ( Figure 1A ). 10 The hepatocytes displayed a maximum apoptotic response to okadaic acid and TGF-b1 at 24 and 30 h, respectively (Figure 1B,C). Incubation with UDCA alone produced no significant changes in nuclear morphology compared to controls. In addition, UDCA protected against apoptosis induced by DCA, okadaic acid and Figure 1 UDCA inhibits DCA-, okadaic acid-, and TGF-b1-induced apoptosis in primary rat hepatocytes. Cells were incubated with either 50 mM DCA (A), 25 nM okadaic acid (OA) (B), 1 nM TGF-b1 (C), 100 mM UDCA, a combination of inducer plus UDCA, or no addition (control) as described in Materials and Methods. Apoptotic cells were identified by morphological changes characterized by condensed chromatin, fragmentation, and apoptotic bodies. Fluorescence microscopy of Hoechst staining (top) after incubation of rat hepatocytes with (A left) DCA and (right) DCA+UDCA for 6 h; (B left) OA and (right) OA+UDCA for 16 h; or (C left) TGFb1 and (right) TGF-b1+UDCA for 24 h. Percentage of apoptosis (bottom) in cells after treatment with inducer, UDCA, the combination, or no addition for the indicated time points. The results are means+S.E.M. for at least three different experiments. }P50.05; {P50.01; *P50.001 from all others at the same time points TGF-b1 by approximately 80% at 6, 16 and 24 h, respectively. Similar changes were also observed when cell viability was assessed by trypan blue exclusion. Moreover, coincubation of hepatocytes with the tauroand glyco-conjugated derivatives of UDCA gave similar results for inhibition of apoptosis induced by all three agents. In contrast, at similar concentrations neither of the hydrophilic bile acids, hyodeoxycholic nor taurocholic acid inhibited apoptosis (data not shown).
UDCA inhibits DCA-induced release of cytochrome c after MPT in isolated mitochondria Mitochondria were isolated from rat liver to characterize the temporal association of MPT induction with the release of cytochrome c, as well as morphologic changes. Neither okadaic acid nor TGF-b1 at the highest concentrations induced mitochondrial swelling, as determined both spectrophotometrically and by electron microscopy ( Figure 2 ). In contrast, the MPT induced by DCA was associated with mitochondrial swelling, loss of cristae, and ultimately rupture of the outer membrane, resulting in a markedly reduced number of intact mitochondria. Pretreatment of the isolated mitochondria with UDCA inhibited the DCA-induced MPT by 42.5+4.6% (P50.001), and significantly increased the number of intact mitochondria. Similarly, cyclosporine A, an inhibitor of the megapore channel, reduced DCAinduced mitochondrial swelling by 48.7+4.4% (P50.001) and increased morphologic integrity. Incubation with phenylarsine oxide, a potent inducer of MPT, also resulted in a significant increase in mitochondrial swelling which was inhibited 43.2+4.1% (P50.001) with UDCA. Neither UDCA, its tauro-and glyco-conjugated derivatives nor cyclosporine A alone altered the MPT or the gross morphology of the mitochondria. Pretreatment with the conjugated derivates of UDCA also inhibited DCA-induced mitochondrial swelling by 40.8+1.1 and 42.0+1.6%, respectively. No significant morphologic changes were observed with either hyodeoxycholic or taurocholic acid, and they did not inhibit DCA-induced MPT and membrane disruption.
We next investigated whether the efflux of cytochrome c from the intramembranous space of mitochondria could be explained by an increase in MPT. Cytochrome c protein levels were determined by Western blot analysis of the mitochondrial pellets and supernatants following the MPT assay. Control mitochondria exhibited no detectable release of cytochrome c (Figure 3 ). In contrast, cytochrome c accumulated in the supernatant after incubation with DCA, while mitochondrial-associated levels were similarly reduced. Neither incubation with okadaic acid nor TGF-b1 induced cytochrome c efflux (data not shown). Addition of either UDCA or cyclosporine A decreased DCA-induced release of cytochrome c by 470% (P50.001). UDCA also significantly reduced (55.9+7.6%, P50.001) the cytochrome c release associated with phenylarsine oxide induction of MPT. Moreover, the tauro-and glyco-conjugated derivatives of UDCA also inhibited mitochondrial efflux of cytochrome c by at least 80% (P50.001). In contrast, neither hyodeoxycholic acid nor taurocholic acid inhibited DCAinduced cytochrome c release. Figure 2 UDCA inhibits DCA-induced morphologic changes associated with MPT in isolated mitochondria. Electron microscopy of mitochondria after isolation and incubation (1 mg/ml) with either no addition (control), 250 mM DCA, 125 nM okadaic acid (OA), 5 nM TGF-b1, 500 mM UDCA, 5 mM cyclosporine A (CsA), 500 mM glycoursodeoxycholic acid (GUDCA), 500 mM tauroursodeoxycholic acid (TUDCA), 500 mM hyodeoxycholic acid (HDCA), 500 mM taurocholic acid (TCA), DCA+UDCA, DCA+CsA, DCA+GUDCA, DCA+TUDCA, DCA+HDCA, or DCA+TCA, in respiration buffer as described in Materials and Methods. Magnification6 25 000
Okadaic acid and TGF-b1 induce release of cytochrome c, activation of DEVD-specific caspases and cleavage of PARP We next determined whether okadaic acid or TGF-b1 could induce the release of cytochrome c from mitochondria in cultured hepatocytes during apoptosis. The results indicated that control cells contained almost no detectable cytosolic cytochrome c protein. In contrast, incubation of hepatocytes with either okadaic acid or TGF-b1 induced a progressive release of cytochrome c from mitochondria (Figure 4Aa ,Ba). Significant accumulation of cytochrome c in the cytosol occurred after 2 h of incubation with okadaic acid. The maximum release of cytochrome c from mitochondria was observed at 8 h and no further increases were observed through 24 h. Similar results were obtained for cells incubated with TGF-b1, where cytosolic accumulation of cytochrome c was detectable at 4 h and continued to increase until 16 h. Although less dramatic, cytosolic cytochrome c levels were also significantly increased (P50.05) after 4 h of incubation with DCA. Thus, for each of the apoptotic inducing agents, maximal cytochrome c release preceded the peak morphologic nuclear changes determined by Hoechst staining (Figure 1) .
Cytosolic extracts were also tested for their ability to cleave the chromophore pNA from the peptide caspase substrate DEVD-pNA. Caspase activity was significantly increased by 4 h after treatment with okadaic acid (P50.01), with maximum levels at 16 h (P50.001) (Figure 4Ab ). Similarly, 1 nM TGF-b1 induced a significant increase in caspase activity at 16 h (P50.01), and no further increase was observed after 30 h (P50.001) (Figure 4Bb) . Finally, at 6 h, DCA induced a detectable increase in caspase activity (P50.05). We next determined the effect of okadaic acid and TGF-b1 on the cleavage of an endogenous caspase-3 116 kDa substrate, PARP. Incubation of hepatocytes with okadaic acid resulted in a marked increase in the 85 kDa cleavage product at 4 h, and this continued to increase with nearly complete cleavage at 24 h (Figure 4Ac ). Degradation of this nuclear enzyme was also evident within 16 h of incubation of cells with TGF-b1 and continued to increase until 30 h ( Figure  4Bc ).
Reduced Dc m coincides with mitochondrial release of cytochrome c in okadaic acid-and TGF-b1-induced apoptosis It has been shown that the mitochondrial release of cytochrome c into the cytosol results from opening of the MPT pore. 20 ± 22,24,25 This is associated with collapse of the Dc m , which can be measured by a reduced mitochondrial accumulation of the fluorescent dye DiOC 6 (3). 41, 42 After 2 h of exposure to okadaic acid, a significant decrease in the retention of DiOC 6 (3) was observed (P50.05), and the decline continued until 8 h Figure 3 UDCA inhibits DCA-induced release of cytochrome c in isolated mitochondria after MPT. Mitochondria were isolated and incubated (1 mg/ml) with either no addition (control), 250 mM DCA, 500 mM UDCA, DCA+UDCA, 5 mM cyclosporine A (CsA), DCA+CsA, 500 mM tauroursodeoxycholic acid (TUDCA), DCA+TUDCA, 500 mM glycoursodeoxycholic acid (GUDCA), DCA+GUDCA, 500 mM hyodeoxycholic acid (HDCA), DCA+HDCA, 500 mM taurocholic acid (TCA), or DCA+TCA in respiration buffer as described in Materials and Methods. The mitochondrial pellets and supernatants were examined for cytochrome c levels by Western blot analysis (top panels). Following SDS ± PAGE and transfer, the nitrocellulose membranes were incubated with the monoclonal antibody to cytochrome c and the 15 kDa protein was detected using ECL chemiluminescence. The accompanying histograms are the densitometric means+S.E.M. relative to controls from at least three independent experiments (bottom panels). }P50.05 from control and DCA; *P50.001 from control. No other significant changes were observed from control values (P50.001) with only minor changes thereafter ( Figure  4Ad ). Similarly, incubation with TGF-b1 induced a significant (P50.001) decrease in Dc m by 6 h, with only minor additional changes through 40 h (Figure 4Bd ). Incubation of hepatocytes with DCA also induced a small, but significant decrease in Dc m (P50.05) resulting in cytochrome c release. Taken together, these results indicate that in primary hepatocytes treated with either okadaic acid or TGF-b1, the onset of MPT coincides with mitochondrial release of cytochrome c, and appears to precede caspase activation, PARP cleavage and nuclear fragmentation. Figure 4 Mitochondrial release of cytochrome c occurs prior to activation of DEVD-specific caspases and cleavage of PARP, and coincides with a reduction in Dc m in hepatocytes incubated with okadaic acid (OA) (A) and TGF-b1 (B). Cells were incubated with 25 nM OA or 1 nM TGF-b1 for the indicated time points, as described in Materials and Methods. (a) Western blot analysis of cytochrome c protein levels in mitochondrial and cytosolic fractions. Following SDS ± PAGE and transfer, the nitrocellulose membranes were incubated with a monoclonal antibody to cytochrome c and the protein was detected using ECL chemiluminescence. (b) DEVD-specific caspase activity in cytosolic fractions after incubation with OA or TGF-b1. Activity was measured using the colorimetric substrate DEVD-pNA as described in Materials and Methods. (c) PARP cleavage in total protein extracts and detection of the 116 and 85 kDa subunits by Western blot analysis. Following SDS ± PAGE and transfer, the nitrocellulose membranes were incubated with a polyclonal antibody to PARP and the protein was detected by ECL chemiluminescence. (d) Dc m in intact cells after incubation with OA or TGF-b1. Dc m collapse was measured as the retention of the fluorescent dye DiOC 6 (3) added to cells during the last 30 min of incubation with OA or TGF-b1. The graph data are means+S.E.M. of at least three different experiments. }P50.05; {P50.01; *P50.001 from time zero UDCA inhibits cytochrome c release, DEVD-specific caspase activation, PARP cleavage and nuclear fragmentation Incubation of primary rat hepatocytes with UDCA alone produced no significant changes in cytochrome c release, caspase activation or PARP cleavage from controls ( Figures  5 and 6 ). However, coincubation with UDCA protected against DCA-induced release of cytochrome c, reducing cytoplasmic levels to control values (P50.05) ( Figure 5A ). Furthermore, UDCA significantly inhibited the increase in DEVD-specific caspase activity and PARP cleavage associated with DCA alone (P50.001) ( Figure 5B,C). UDCA was also effective in preventing the apoptotic changes induced by okadaic acid and TGF-b1. The fourfold increase in cytosolic cytochrome c that occurred after a 16 h incubation with okadaic acid was essentially inhibited by coincubation with UDCA (Figure 6Aa ).
Although the addition of UDCA did not entirely prevent okadaic acid-induced caspase activation and PARP cleavage, both were reduced by 55 ± 75% (P50.001) (Figure  6Ab,c) . Similarly, UDCA inhibited the release of cytochrome c in hepatocytes incubated with TGF-b1, as well as reduced the caspase activity and PARP cleavage by almost 70% (Figure  6Ba ± c) . These results compared favorably with the morphologic inhibition of apoptosis by UDCA (Table 1) .
Our results suggested that common anti-apoptotic events are specifically modulated by UDCA. We considered that UDCA might act by preventing both the swelling and channel-forming activity of the mitochondrial membrane. Therefore, to establish modulation of UDCA, Dc m was measured in rat hepatocytes using the fluorescent dye DiOC 6 (3). Dc m was significantly decreased after induction of apoptosis not only with DCA, but also with okadaic acid and TGF-b1 (Figure 6Ad ,Bd). Coincubation with UDCA resulted in a 50 ± 60% inhibition of the mitochondrial depolarization (P50.05) associated with all three agents. Interestingly, this level of protection by UDCA could not entirely account for the inhibitory effect on apoptosis by DCA, okadaic acid or TGF-b1 (Table 1) . Therefore, we next investigated the effect of these agents on translocation of the pro-apoptotic Bax protein from cytosol to mitochondrial membrane. In fact, Western blot analysis of mitochondrial proteins revealed increased levels of Bax. This change coincided with a similar decrease in cytosolic levels of Bax protein, and was particularly pronounced for okadaic acidand TGF-b1-induced apoptosis (Figure 7) . Coincubation with UDCA resulted in a 30 ± 40% decrease in Bax translocation from cytosol to the mitochondria in the cultured hepatocytes.
Discussion
Pharmacologic doses of UDCA markedly improve the outcome of certain liver diseases through mechanisms which are not entirely understood. 6 It was a particularly important observation then, when UDCA was shown to inhibit the MPT induced by glycochenodeoxycholic acid. 11 In fact, UDCA appears to regulate apoptosis in both hepatic and nonhepatic cells by preventing mitochondrial depolarization and reactive oxygen species production. 10, 13 Interestingly, the ability of UDCA to inhibit apoptosis appears to be independent of the inducing agent and its pathway, suggesting a common antiapoptotic mechanism(s). In particular, while the pathway to execution may be more direct with DCA, the apoptosis from TGF-b1 and okadaic acid are equally sensitive to the inhibitory effects of UDCA. It remains to be determined if UDCA acts at additional sites other than mitochondria in these apoptotic pathways.
The present study demonstrates that cytochrome c is released from mitochondria of primary rat hepatocytes in response to incubation with DCA, okadaic acid and TGFb1. Cytochrome c release has been shown to be a common event in the cell death effector pathway initiated by diverse apoptosis-inducing agents. 16 ± 18,35,42 However, the precise mechanism responsible for cytochrome c efflux from mitochondria into cytosol remains controversial. Recent studies reported that release of cytochrome c Figure 5 UDCA inhibits DCA-induced cytochrome c release, DEVD-specific caspase activation, PARP cleavage and nuclear fragmentation in rat hepatocytes. Cells were incubated with either no addition (control), 50 mM DCA, 100 mM UDCA, or a combination of DCA+UDCA for 6 h, as described in Materials and Methods. (A) Cytochrome c levels in mitochondria and cytosolic fractions after incubation with DCA, UDCA, the combination, or no addition. Inset, top, a representative Western blot of cytosolic cytochrome c expression. (B) DEVD-specific caspase activity in cytosolic fractions measured using the colorimetric substrate DEVD-pNA. (C) Western blot analysis of PARP cleavage in total protein extracts after incubation with the bile acids. The histograms are means+S.E.M. from a minimum of three experiments. }P50.05; *P50.001 from all others at the same time point. No significant changes were observed between control, UDCA, and DCA plus UDCA occurs independently of the MPT and without accompanying mitochondrial depolarization. 17, 18 In contrast, our results with isolated mitochondria indicate that the onset of MPT by DCA not only precedes but is essential for cytochrome c release. For example, cyclosporine A not only blocked MPT but also prevented mitochondrial swelling and reduced the efflux of cytochrome c with DCA. Moreover, incubation of mitochondria with phenylarsine oxide, an inducer of MPT, also resulted in significant release of cytochrome c, which was markedly inhibited by UDCA. Finally, the release of cytochrome c in hepatocytes incubated with okadaic acid or TGF-b1 coincided with mitochondrial depolarization, an event that follows the onset of the MPT. Our results demonstrating a role for MPT in hepatocyte apoptosis agree with those obtained from isolated mitochondria induced to undergo MPT and the consequent reduction in Dc m . 21, 26, 36, 43 Furthermore, various inhibitors of the MPT not only suppressed the mitochondrial release of a 50 kDa apoptosis-inducing factor but also blocked the associated nuclear changes. 43 Our data indicate that the magnitude of the reduction in Dc m correlates with the percentage of cells exhibiting morphologic changes of apoptosis. Additionally, the MPT in hepatocytes occurs upstream from caspase DEVD-specific activation and PARP cleavage and coincides with cytochrome c release. This is in agreement with previous studies demonstrating that cytochrome c release is required for caspase activation. 14, 15, 44, 45 When isolated mitochondria or cultured cells were exposed to UDCA alone, no significant MPT, morphologic change or efflux of cytochrome c was observed. However, coincubation with UDCA dramatically inhibited the changes associated with the apoptotic agents, implying that UDCA functions primarily by blocking the MPT. Taken together, our results suggest that the efflux of cytochrome c is, in part, a consequence of MPT-induced mitochondrial swelling and outer membrane rupture. Moreover, the onset of MPT and coincident release of cytochrome c clearly precedes and is required for caspase activation, PARP cleavage and nuclear condensation and fragmentation associated with all three apoptotic agents. The recent observation that Z-Val-Ala-Asp-fluoromethyl ketone inhibits caspase-3 activation in bile salt-induced apoptosis and prevents subsequent cathepsin B activation and apoptosis supports the temporal nature of these events in hepatocytes undergoing apoptosis. 46 In our study, less than a 40% decrease in Dc m was observed in hepatocytes incubated with DCA, okadaic acid or TGF-b1. In contrast, a much greater percentage of cytochrome c was released from mitochondria during Figure 7 UDCA modulates redistribution of the pro-apoptotic protein Bax from the cytosol to the mitochondrial membrane in rat hepatocytes exposed to okadaic acid (OA) or TGF-b1. Cells were incubated with either 25 nM OA (left), 1 nM TGF-b1 (right), 100 mM UDCA, a combination of inducer plus UDCA, or no addition (control), as described in Materials and Methods. Mitochondrial (top panel) and cytosolic (bottom panel) proteins from cells incubated with OA or TGF-b1 were processed for Western blot analysis. Following SDS ± PAGE and transfer, the nitrocellulose membranes were incubated with a polyclonal antibody to Bax and the 21 kDa protein was detected using ECL chemiluminescence. The accompanying histograms are the densitometric means+S.E.M. relative to controls of at least three separate experiments. }P50.05 and *P50.001 from control or OA; {P50.01 from control. No other significant changes were observed between control and UDCA apoptosis, suggesting efflux by alternate mechanisms. In rat hepatocytes expressing an IkB superrepressor, tumor necrosis factor alpha induced depolarization of mitochondria and MPT. Initially, the effect was observed only in a subgroup of mitochondria, and only after several hours was it detectable in the entire population. 47 Thus, hepatocytes undergoing apoptosis contain both polarized and depolarized mitochondria, and each subpopulation may be a source of cytochrome c efflux. This may explain the recent observation that cytochrome c is released in cells independently of detectable mitochondrial transmembrane depolarization. 35 Alternatively, multiple signaling pathways may be induced by a single apoptotic stimulus, as was recently suggested to occur during Fas-mediated apoptosis. 48 In this regard, it has been demonstrated that overexpression of Bax or Bak initiates cell death and correlates with mitochondrial cytochrome c release into the cytosol and induction of MPT. 30,31,49 ± 51 Although the mechanism of Bax function is not entirely understood, it appears to affect Bcl-2-mediated events via heterodimeric modulation. In the absence of a death signal, Bax is found in association with mitochondria, as well as distributed throughout the cytoplasmic and perinuclear regions. 52, 53 However, during apoptosis Bax itself is actively translocated to the mitochondrial membrane, 54 ± 57 where it is capable of autonomous pore formation 58, 59 and mediates membrane dysfunction. This Bax induced perturbation results in the release of cytochrome c, production of reactive oxygen species, loss of Dc m , and induction of MPT ultimately culminating in cell death. 24, 25, 60 Interestingly, pro-apoptotic Bax can trigger the release of cytochrome c in the absence of MPT and the mitochondrial swelling that precedes rupture of the outer membrane. 38, 39 Our data demonstrate that translocation of Bax from the cytosol to the mitochondria occurs during apoptosis in primary hepatocytes. The extent of translocation correlates with the percentage of cells undergoing apoptosis, and the event is partially prevented by coincubation with UDCA. Furthermore, the per cent reduction in apoptosis by UDCA is similar to the additive effects of inhibiting both Dc m collapse and Bax translocation from cytosol to mitochondria. This suggests that the mechanism of UDCA protection may, in fact, involve an interplay of events, whereby both depolarization and channel-forming activity of the mitochondrial membrane together with cytochrome c release are reduced. Moreover, cytochrome c leakage through the opened MPT pore may also contribute to efflux of cytochrome c through a Bax-dependent event, thereby creating self-amplifying loops. In support of this model, a recent study demonstrated that stimulation of Bax mitochondrial targeting with cell extracts requires cytochrome c. 55 Therefore, disruption of the outer membrane as a consequence of MPT pore opening may be responsible for the initial cytochrome c release from mitochondria. This, in turn, could stimulate Bax translocation to the mitochondria and a subsequent amplification of cytochrome c efflux via a Bax-mediated process. Such an event may also be initiated by signal transduction in which Bax, as a consequence of its pore-forming properties, triggers release of cytochrome c, activation of caspases and subsequent Bax targeting to mitochondria. Interestingly, incubation of recombinant Bax with isolated liver mitochondria induced release of cytochrome c in the absence of membrane depolarization and induction of MPT. 61 This would suggest that the additive effects of UDCA on cytochrome c release results from modulating both Bax translocation and MPT in hepatocyte mitochondria.
From this study, UDCA or its conjugated derivatives directly interfere with MPT pore opening in isolated mitochondria, thereby reducing efflux of cytochrome c. This is a unique property of UDCA unrelated to its hydrophilicity since neither hyodeoxycholic nor taurocholic acid exhibit this protection. It remains to be determined, however, whether inhibition of mitochondrial Bax translocation by UDCA in cells is mediated by direct interaction with Bax, or indirectly through other cytosolic or membrane proteins. Perhaps UDCA prevents Bax activity by binding to its C-terminal hydrophobic domain, which is believed to be responsible for anchoring Bax to membranes. 29, 57 Alternatively, interaction with UDCA might alter the conformational state of Bax. In fact, the protein displays several distinct detergent-induced conformations which allow varying degrees of Bax hetero-and homodimerization within the membrane. 62, 63 The ability of UDCA to inhibit cytosolic Bax translocation demonstrated in this study is not without precedent. In vivo DCA feeding was associated with a 4.5-fold increase in mitochondrial-associated Bax protein levels, while combination feeding with UDCA significantly inhibited these changes. 13 Like Bcl-2, UDCA appears to modulate Bax-induced events at several levels, including prevention of Bax redistribution, inhibition of cytochrome c release, and modulation of cytochrome cmediated downstream events such as DEVD-specific caspase activity and PARP cleavage. It remains to be determined whether other factors, such as Bid-induced conformational change of Bax and cytochrome c release, 64 are in some way modulated by UDCA.
In conclusion, our data indicate that UDCA inhibits hepatocyte apoptosis by modulating mitochondrial membrane perturbation, Bax translocation and cytochrome c release. Moreover, the data support a unique role for UDCA in preventing the release of cytochrome c from mitochondria, DEVD-specific caspase activation in cytosol, and cleavage of the nuclear enzyme PARP in primary rat hepatocytes incubated with DCA, TGF-b1 or okadaic acid. Although the precise details remain to be elucidated, the mechanism appears to involve direct inhibition of mitochondrial depolarization by preventing MPT, together with modulation of channel-forming activity associated with Bax translocation. The results suggest a heretofore unrecognized and perhaps essential role for bile acids in the regulation of cell survival.
Materials and Methods

Hepatocyte isolation and cell culture
Rat primary hepatocytes were isolated from male Sprague-Dawley rats (200 ± 250 g) by collagenase perfusion as described previously. 65 Briefly, rats were anesthetized with phenobarbitol and the livers were perfused with 0.05% collagenase. Hepatocyte suspensions were obtained by passing digested livers through 125 mm gauze and washing cells in modified Eagle's medium (MEM) (Atlanta Biologicals, Inc., Norcross, GA, USA). Cell viability was determined by trypan blue exclusion and was typically 85 ± 90%. After isolation, hepatocytes were resuspended in William's E medium (Life Technologies, Inc., Grand Island, NY, USA) supplemented with 26 mM sodium bicarbonate, 23 mM HEPES, 0.01 U/ml insulin, 2 mM L-glutamine, 10 nM dexamethasone, 5.5 mM glucose, 100 U/ml penicillin and 100 U/ml streptomycin and then plated on 35610 mm Primaria 2 tissue culture dishes (Becton Dickinson Labware, Lincoln Park, NJ, USA) at 1.0610 6 cells/ml. The cells were maintained at 378C in a humidified atmosphere of 5% CO 2 for 3 h. Plates were then washed with medium to remove dead cells, and William's E medium containing 10% heat-inactivated FBS (568C for 30 min) was added (Atlanta Biologicals, Inc.).
Induction of apoptosis
Freshly isolated rat hepatocytes were cultured for 3 h as described above and then incubated with William's E medium supplemented with either 50 mM DCA (Sigma Chemical Co., St. Louis, MO, USA) for 2 ± 6 h, 25 nM okadaic acid (Boehringer Mannheim Biochemicals, Inc., Indianapolis, IN, USA) for 2 ± 24 h, or 1 nM TGF-b1 (R & D Systems, Minneapolis, MN, USA) for 4 ± 40 h, with or without 100 mM UDCA (Sigma Chemical Co.), or no addition (control). The medium was gently removed at the indicated time points and scored for nonviable cells by trypan blue dye exclusion, and the attached cells were fixed for morphologic assessment of apoptotic changes. In addition, cytosolic and mitochondrial fractions were prepared and evaluated for cytochrome c release and Bax translocation. Finally, Asp-Glu-ValAsp (DEVD)-specific caspase activity and PARP cleavage were determined in cytosolic and total protein, respectively.
Morphologic analysis
Morphology was performed as described previously. 66 Briefly, medium was gently removed at the indicated time points to prevent detachment of cells. Cells were fixed with 4% formaldehyde (wt/vol) in PBS, pH 7.4, for 10 min at room temperature, incubated with Hoechst dye 33258 (Sigma Chemical Co.) at 5 mg/ml in PBS for 5 min, washed with PBS and mounted using PBS : glycerol (3 : 1, v/v). Fluorescence was visualized with a Zeiss standard fluorescence microscope (Carl Zeiss, Inc., Thornwood, NY, USA). Photographs were taken with Kodak Ektar-1000 film (Eastman Kodak Co., Rochester, NY, USA). Stained nuclei were scored by blind analysis and categorized according to the morphologic characteristics of the chromatin. Apoptotic nuclei were identified by condensed chromatin contiguous to the nuclear membrane, as well as nuclear fragmentation and formation of apoptotic bodies. Normal nuclei were identified as noncondensed chromatin dispersed throughout the entire nucleus. Three fields per dish of approximately 500 nuclei were counted; mean values were expressed as the per cent of apoptotic nuclei.
Cytochrome c release and Bax translocation
Cells at 1.0610 7 /ml were harvested by centrifugation at 6006g for 5 min at 48C. The cell pellets were washed once in ice-cold PBS and resuspended with three volumes of isolation buffer containing 20 mM HEPES-KOH, pH 7.5, 10 mM KCl, 1. 
Determination of DEVD-speci®c caspase activity and PARP cleavage
The assay for detection of caspase activity is based on the ability of the enzyme to cleave the chromophore r-nitroanilide (pNA) from the enzyme substrate N-acetyl-Asp-Glu-Val-Asp-pNA (DEVD-pNA) (Sigma Chemical Co.). The proteolytic reaction was carried out in isolation buffer, containing 20 mg of cytosolic protein and 50 mM DEVD-pNA. The reaction mixtures were incubated at 378C for 2 h, and the formation of pNA was measured at 405 nm using a 96-well plate reader. To determine PARP cleavage, total homogenate protein was separated by 8% SDS-polyacrylamide gel electrophoresis. Blots were probed with primary polyclonal antibody to PARP (Santa Cruz Biotechnology) at a dilution of 1 : 2000, prior to incubation with secondary anti-rabbit antibody conjugated with horseradish peroxidase. Finally membranes were processed for PARP detection using the ECL 2 system (Amersham Life Science, Inc.).
Measurement of mitochondrial transmembrane potential
Mitochondrial energization was determined as the retention of the dye 3',3'-dihexyloxacarbocyanine (DiOC 6 (3); Molecular Probes Inc, Eugene, OR, USA). Primary rat hepatocytes were loaded with 100 nM DiOC 6 (3) during the last 30 min of incubation with DCA, okadaic acid, or TGF-b1 with or without UDCA. The culture medium was then removed, the cells were harvested by scraping and the cell pellet washed twice in ice-cold-PBS. The pellet was then lysed by the addition of 600 ml of ice-cold MilliQ water (Millipore, Bedford, MA, USA) followed by homogenization. The concentration of retained DiOC 6 (3) was read on a Perkin-Elmer LS-5 fluorescence spectrophotometer at 488 nm excitation and 500 nm emission.
Isolation of mitochondria
Low calcium liver mitochondria were isolated from adult male 200 ± 250 g Sprague-Dawley rats as previously described 11, 67 with modification. In short, animals were sacrificed by exsanguination under ether anesthesia and the livers removed and rinsed in normal saline. Approximately 10 g of minced liver was prepared as a 10% (wt/ vol) homogenate in an ice-cold solution of 70 mM sucrose, 220 mM mannitol, 1 mM EGTA and 10 mM HEPES, pH 7.4, at 800 r.p.m. using six complete strokes of a skill drill and teflon pestle (Tri-R Model K41, Tri-R Instruments, Rockville Center, NY, USA). The homogenate was centrifuged at 6006g for 10 min at 48C in an SS-34 rotor in a Sorvall RC5C centrifuge (Sorvall Instruments, Newtown, CT, USA), and the postnuclear supernatant was centrifuged at 70006g for 10 min at 48C. The crude mitochondrial pellet was further purified by sucrosepercoll gradient centrifugation. 68 The pellet was resuspended in 2 ml of homogenate buffer, and 1 ml of the resuspended pellet was carefully layered onto a 35-ml self-generating gradient containing 0.25 M sucrose, 1 mM EGTA and percoll (Pharmacia Fine Chemicals, Piscataway, NJ, USA) (75 : 25, v/v). The mitochondria were purified by centrifugation at 43 0006g for 30 min at 48C using a Beckman Ti60 rotor and a Beckman ultracentrifuge model L8-55 (Beckman Instruments, Inc., Schaumburg, IL, USA). The clear supernatant solution was removed and the lower turbid layer was resuspended in 30 ml of wash buffer containing 0.1 M KCl, 5 mM 3-(N-morpholino)-propane sulfonic acid (MOPS), and 1 mM EGTA, at pH 7.4 and centrifuged at 70006g for 10 min at 48C. The resulting mitochondrial pellet was washed twice more in this buffer and then a final wash in chelex-100-treated (400 mesh, potassium form, Bio-Rad Laboratories) buffer without EGTA. The pellet was suspended in 4 ml of chelex-100-treated resuspension buffer containing 125 mM sucrose, 50 mM KCl, 5 mM HEPES, and 2 mM KH 2 PO 4 . A typical yield of mitochondria was approximately 25 mg of protein per gm of liver tissue. Mitochondria were studied within 3 h of isolation, and assessed for purity as previously described. 13 
Measurement of MPT and cytochrome c levels
The MPT was assessed using a spectrophotometric assay measuring high amplitude rapid changes in mitochondrial volume as described previously. 11, 69 Briefly, mitochondria (1 mg protein) were incubated in 1 ml of chelex-100-treated respiration buffer (0.1 M NaCl, 10 mM MOPS, pH 7.4) for 10 min at 258C and swelling was monitored at 540 nM in a Beckman DU 64 spectrophotometer. Malate and glutamate (1 mM) were added to initiate respiration, and 3 min later 5 mM rotenone, an inhibitor of complex I of the respiratory chain, was also added to the suspension. Basal values of mitochondrial absorbance were measured for 5 min, and the optical density was monitored for an additional 5 min after addition of either 200 mM DCA, 125 nM okadaic acid, 5 nM TGF-b1 or 80 mM phenylarsine oxide (Sigma Chemical Co.). For the coincubation studies, mitochondria were preincubated with either 500 mM UDCA, tauroursodeoxycholic acid, hyodeoxycholic acid, taurocholic acid (Sigma Chemical Co.), glycoursodeoxycholic acid (Steraloids Inc., Wilton, NH, USA) or 5 mM cyclosporine A (Sigma Chemical Co.), for 5 min at 258C prior to initiation of the assay. Following the MPT assays, mitochondria were centrifuged at 12 0006g for 3 min at 48C. Aliquots (20 ml) of the supernatant and pellet were subjected to SDS-polyacrylamide gel electrophoresis for determination of cytochrome c release.
Electron microscopy
Following the MPT assay, a portion of the mitochondrial pellet was fixed overnight at 48C in 0.1 M cacodylate buffer pH 7.2 containing 6% glutaraldehyde. The mitochondria were then rinsed with 0.1 M PIPES buffer, pH 7.3, followed by a 20 min postfix incubation at room temperature in 2% cacodylate-buffered OsO 4 . Next, the mitochondria were dehydrated using progressive concentrations of ethanol, infiltrated with propylene oxide, and embedded in Epon 812/Aralide 502 resin (Electron Microscopy Sciences, Fort Washington, PA, USA). Sections 70 ± 100 nm in thickness were cut using glass knives on a Reichert Ultracut S ultramicrotome (Vienna, Austria), collected on 400 mesh copper grids (Electron Microscopy Sciences), and stained with 2% uranyl acetate and lead citrate. The morphology of the isolated mitochondria was studied using a JEOL-100 CX electron microscope (JEOL USA Inc., Peabody, MA, USA) at 80 Kv.
Densitometry and statistical analysis
The relative intensities of the protein bands detected by Western blot were analyzed by densitometry using a BioRad model GS-700 imaging densitometer. The per cent changes in protein concentration were calculated based on the corresponding controls. Statistical analysis was performed using InStat version 2.1 for the ANOVA and Bonferroni's multiple comparison tests. Results are expressed as mean values+1 standard error of the mean (S.E.M.).
